The initial growth kinetics for SiH, chemical vapor deposition of Si on SiO, at low temperature (500-600 "C) have been revealed using rapid thermal UHV-CVD, together with in situ H2 thermal desorption spectroscopy to titrate the amount of exposed Si surface. In the few mTorr pressure range, the reaction is heterogeneous, i.e., dominated by surface reaction. Below -0.7 monolayer Si coverage, the growth kinetics is rapid ( -t4), indicating spontaneous generation of new nuclei, while at higher coverage Si island growth dominates.
ide. To assure repeatability of the SiO, surface conditions, the samples were RCA precleaned immediately before insertion into an ultrapure (10 ppb) N7-glove box, treated by UV/ozone cleaning' on both sides to remove organic contaminants, and then transferred through a UHV load lock to the reactor (base pressure -5 X lo-" Torr). CCD grade SiH4 gas was purified by passing through a Nanochem purifier before introduction to the growth reactor. Temperature measurements were made with an infrared pyrometer and were not affected by the presence of the oxide or the Si deposit, since the emissivity of single crystal Si is unchanged' by the presence of a thin oxide (~50 nm) and can be considered that of polycrystaline Si.
Measurements of the growth kinetics consisted of a series of cycles, each of which contained a growth stage and a subsequent thermal desorption measurement. The time dependence of wafer temperature and SiH, pressure for a single cycle are depicted schematically in Fig. 1 . Growth (step 1) was carried out for 10 min. Then the temperature was reduced quickly to 500 "C for 1 min in SiH, (step 2); this causes little additional growth of Si, but it saturates all exposed elemental Si with H, so that hydrogen available for subsequent thermal desorption reflects the area of exposed Si surface present at the end of the growth step,5 independently of the growth temperature.
After cooling to near room temperature and pumpdown (step 3) to -lo-" Torr, a gate valve was opened to access the mass spectrometer, and temperatureprogrammed desorption was performed (step 4)) ramping the temperature at -3O"/s to 580 "C (sufficient for complete desorption without initiating Si-Si02 reaction). Finally, the now H-free Si surface was repassivated with hydrogen (step 5) by exposure to SiH, to prevent contamination by reactive impurities until the next cycle. The growth-and-desorption cycle was repeated many times, so that initial growth kinetics could be assessed in terms of the amount of exposed Si surface area. This area was normalized to that for a smooth Si( 100) surface following 10 min epitaxial growth from SiH,. No difference was found in the desorption data or in surface morphology when the exposure time used during each cycle was changed from 10 to 40 min, indicating that growth interruption and thermal desorption measurements did not perturb the overall growth kinetics. We report here the kinetics of nucleation and growth of Si on a thermal oxide surface at pressures of l-3 mTorr under low temperature UHV-CVD conditions.8 Recent investigations of the mechanisms involved in UHV-CVD Si growth have shown that the Si surface is H-saturated (StH monohydride bonds) during growth at temperatures below .-500 0C,5~9-' ' while the steady-state H coverage decreases monotonically with growth temperature to zero at -750 "C. Therefore, the area of exposed elemental Si surface following a growth step can be measured by reducing temperature to 500 "C in SiH, to saturate the exposed Si with H and then using thermal desorption to measure the total H adsorbed on the surface. In turn, this area of exposed Si reflects the surface coverage and morphology of deposited Si nuclei or islands.
The elemental Si surface area, obtained from integrated H, desorption flux, is shown in Fig. 2 as a function of total exposure time at a SiH4 pressure of 1.6 mTorr for six different growth temperatures ranging from 510 to 570 "C. The log-log plot suggests two separate growth regimes: (i) below -0.7 normalized area, the time dependence is very strong, -t4; (ii) at higher coverage (0.7-1.0 area), the time dependence is weaker, -3. This difference is not surprising in that one expects nucleation and growth of isolated Si islands at sufficiently low coverage, followed by Si film growth when islands have coalesced.
To understand the -t4 and -3 behavior, we consider different assumptions about the generation of nuclei for growth of Si on SiOZ. Assuming hemispherically shaped nuclei of area1 density n and a linear growth of their radii p with time at a rate r(t) =,ot, we obtain a general expression for the time-dependent Si surface area:
If nuclei exist at time t=O and remain constant: However, if new nuclei are spontaneously generated at a rate dn (r,t)/dt = nl + n2t + * * * ,while existing nuclei continue to grow, the total Si surface area varies as t" with n>3:
Thus the rapid initial growth kinetics in Fig. 2 ( -t4) demonstrate that new nucleation sites are spontaneously generated on the surface. This conclusion is verified by the broad size distribution of Si nuclei seen in the SEM micrograph in Fig. 3 , taken by interrupting deposition at an early stage. This low temperature growth behavior appears different from that obtained3Y'2"3 for much higher temperatures (925-1200 "C) and pressures ( -1 bar), where a variety of other phenomena (e.g., gas phase nucleation and surface reaction) are more likely.
The nucleation-controlled character of initial Si growth on SiO, is shown strikingly in the cross-sectional SEM micrograph in Fig. 4 . The figure also reveals a surprisingly hemispherical topography for the islands, as assumed in the above analysis of growth kinetics. Regions between large islands appear to be depleted of smaller nuclei; as the islands grow larger, available Si02 surface area FIGI 3. Scanning electron micrograph of Si nuclei on SiO,.surface grown at -500 "C.
decreases relative to the Si island area, enhancing island growth at the expense of new nucleus formation. When growth of -hemispherical islands dominates (at higher Si coverage), one expects Si surface area -t" as observed.
We have used the data in Fig. 2 tion in the range 500-600 "C. For higher coverages (Si area 0.7-1.0) where Si island growth dominates, AE-1.6 eV is found, consistent with the value (1.7 eV) for epitaxial Si growth.5,9T14 At much lower coverages (Si area 0.05-O. I), we find AE-1.3 eV; this represents an upper limit for the activation energy of Si nucleus formation on Si02, since both nucleus generation and growth (the latter with higher AE) are involved in this regime. For growth at 525 "C and 3.2 Torr total pressure, changing residence time from 30 to 120 ms did not alter growth kinetics or surface morphology. This indicates that gas phase reaction is minimal in these studies (total pressures < 3 mTorr and residence times < 100 ms) . This is not surprising because the decreasing collision rate15'16 suffered by SiH4 molecules at mTorr pressures should lead to only small concentrations of reactive intermediates in the gas phase. ","
We conclude that UHV-CVD growth of Si on SiO? at low temperatures and pressures involves spontaneous generation of new nuclei, predominantly by surface reaction. Properties (e.g., morphology, microstructure) of the CVD Si film grown on SiO, may be tailored by initial surface conditions as well as the usual growth parameters (temperature, pressure, etc. ) .
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